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Edited by Vladimir SkulachevAbstract Glutamate excitotoxicity is mediated by intracellular
Ca2+ overload, caspase-3 activation, and ROS generation. Here,
we show that curcumin, tannic acid (TA) and (+)-catechin
hydrate (CA) all inhibited glutamate-induced excitotoxicity.
Curcumin inhibited PKC activity, and subsequent phosphorylation
of NR1 of the NMDA receptor. As a result, glutamate-mediated
Ca2+ inﬂux was reduced. TA attenuated glutamate-mediated
Ca2+ inﬂux only when simultaneously administered, directly
interfering with Ca2+. Both curcumin and TA inhibited gluta-
mate-induced caspase-3 activation. Although Ca2+ inﬂux was
not attenuated by CA, caspase-3 was reduced by direct inhibition
of the enzyme. All polyphenols reduced glutamate-induced gener-
ation of ROS.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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inﬂux; Caspase-31. Introduction
Glutamate excitotoxicity has been suggested to be an under-
lying cause in the pathogenesis of ischemia and neurodegener-
ative diseases. Attenuation of the glutamate excitotoxicity may
be a promising therapeutic target.
The NMDA receptor (NMDAR), a type of glutamate recep-
tor, is composed of NR1, a core subunit, and one or more reg-
ulatory subunits, NR2A-D. NR1 is phosphorylated in part by
protein kinase C (PKC), which potentiates the glutamate-in-
duced Ca2+ inﬂux. From another point of view, phosphoryla-
tion of NR1 might enhance the glutamate-induced neuronal
cell death if glutamate concentration is beyond the tolerable
limit.
Curcumin (Fig. 1A) is a dietary staple in India. Curcumin is
a polyphenolic compound with potent antioxidant properties
and it was previously reported that curcumin attenuated the
cerebral infarction size [1].Abbreviations: ROS, reactive oxygen species; PKC, protein kinase C;
NMDA, N-methyl-D-aspartate; NMDAR, NMDA receptor; LDH,
Lactate dehydrogenase
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doi:10.1016/j.febslet.2006.11.011Tannic acid (Fig. 1B), another polyphenolic compound with
antioxidant properties, is found in several beverages such as
red wine, coﬀee and black tea and many foodstuﬀs such as
grapes, pears, bananas and chocolates.
(+)-Catechin (Fig. 1C) is found in green tea and consumed
as a popular drink worldwide, particularly in Asian countries.
(+)-Catechin is also a strong antioxidant and scavenges radi-
cals. It was previously shown that (+)-catechin exerts a protec-
tive eﬀect against cerebral ischemic damage [2].
Curcumin, tannic acid and (+)-catechin are all reported to
inhibit PKC activity [3–5]. Protective eﬀects would be either
dependent on the upregulation of the defense system (e.g.
anti-apoptotic proteins such as Bcl-2) or upon the attenuation
of the toxic cascade, of which PKC may be involved.
In the present study, we investigated the protective eﬀects of
curcumin, (+)-catechin and tannic acid on glutamate-induced
excitotoxicity.2. Materials and methods
2.1. Materials
The sources of drugs and materials were as follows: Neurobasal
medium and B27 supplement and 5-(and -6)- chloromethyl- 2 0,7 0-
dichlorodihydro-ﬂuorescein diacetate, acetyl ester (CM-H2DCFDA)
(Invitrogen); recombinant human caspase-3, curcumin, Ac-DEVD-
AMC, and Ac-DEVD-CHO (Sigma); (+)-catechin and tannic acid
(Wako Pure Chemical Industries, Ltd.); EDTA and EGTA (nacalai
tesque); anti-NR1 antibody (Upstate); anti-phospho-NR1 antibody
(Cell Signaling Technology, Inc.).
2.2. Cell culture
Primary cultures were obtained from the fetal rat cerebral cortex
(17–19 days gestation) using procedures described previously [6,7].
Cultures were incubated in Neurobasal medium supplemented with
B27, 25 lM glutamate (4 days after plating), 0.5 lM L-glutamine
and 500 lM antibiotics. Mature cultures (8–9 days in vitro) were used
for the experiments.
2.3. Measurement of lactate dehydrogenase activity
Lactate dehydrogenase (LDH) activity was spectrophotometrically
measured using a MTX-LDH assay kit (Kyokuto) according to the
manufacturer’s indications. Total LDH activity was deﬁned as the
sum of intracellular and extracellular LDH activity obtained by
10 mM glutamate treatment (10 mM glutamate killed all neurons in
our culture (data not shown)), and each released LDH was deﬁned as
the percentage of extracellular LDH compared with total LDH activity.
2.4. Intracellular Ca2+ imaging
Cortical neurons were incubated in Krebs–Ringer buﬀer containing
5 lM fura-2 acetoxymethylester and 0.01% cremophor EL for 30 min.
The cells were alternatively illuminated with lights (wavelengths of 340blished by Elsevier B.V. All rights reserved.
Fig. 1. Chemical structures of curcumin (A), tannic acid (B), and (+)-catechin hydrate (C).
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using ﬂuorescence imaging system (ARGUS/HiSCA, Hamamatsu
Photonics K.K.). The peak amplitude of the ﬂuorescence ratio (340/
380 nm) immediately following glutamate application was used as an
index of glutamate-induced Ca2+ inﬂux.
2.5. Preparation of cell extracts
After each treatment, cells were lysed in a buﬀer consisting of 20 mM
Tris hydrochloride, pH 7.0, 2 mM EGTA, 25 mM 2-glycerophosphate,
1% Triton X-100, 2 mM dithiothreitol, 1 mM vanadate, 1 mM phenyl-
methylsulfonyl ﬂuoride, and 1%aprotinin and centrifuged at 15000 rpm
for 30 min at 4 C. The supernatants were used as the cell extracts for
immunoblot analysis of phospho-NR1 and non-phospho-NR1.
2.6. Immunoblotting
Protein samples in sodium dodecyl sulfate buﬀer were loaded onto
sodium dodecyl sulfate–polyacrylamide gels. After electrophoresis,
proteins were electrotransferred to a polyvinylidene diﬂuoride mem-
brane. Membranes were incubated with antibodies in 5% non-fat dry
milk containing 20 mM Tris hydrochloride (pH 7.6), 135 mM NaCl,
and 0.1% Tween 20. Subsequently, membranes were incubated with
horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibody.
Immunoreactive bands were detected by enhanced chemiluminescence.
2.7. Caspase 3-like enzyme activity
Neurons were suspended in buﬀer (50 mM Tris–HCl, pH 7.4, 1 mM
EDTA and 10 mM EGTA), then incubated with 10 lM digitonin
(Sigma) at 37 C for 10 min, followed by centrifugation at
13200 rpm for 5 min. Protein supernatant was incubated with 50 lM
enzyme substrate, 7-amino-4-methylcoumarin (AMC)-DEVD, at
37 C for 1 h. Levels of released AMC were measured with a spectro-
ﬂuorometer (Hitachi F-3000) using an excitation wavelength of 380 nm
and an emission wavelength of 460 nm. One unit was deﬁned as the
amount of enzyme required to release 0.22 nmol of AMC/min at 37 C.
2.8. Measurement of intracellular ROS
The formation of ROS was evaluated by the sensitive ﬂuorescence
probe 5-(and -6)-chloromethyl-2 0, 7 0-dichlorodihydro-ﬂuorescein diac-etate, acetyl ester (CM-H2DCFDA). After DCFH2DA incubation,
ﬂuorescence was measured at the excitation and emission wavelengths
of 485 and 538 nm using a FLEX STATION spectroﬂuorometer
(Molecular Devices, CA, USA).2.9. Statistical analysis
Statistically signiﬁcant diﬀerences between groups were determined
by performing an analysis of variance followed by a Newman–Keuls
post hoc analysis. The level of statistical signiﬁcance was set at
P < 0.05.3. Results
3.1. Glutamate-induced neuronal death is mediated via caspase-3
and subsequent reactive oxygen species in culture
Cortical neurons were incubated with glutamate and a sig-
niﬁcant increase in LDH release was observed, corresponding
to a reduction of neuronal cell viability (Fig. 2A). Treatment
with Ac-DEVD-CHO, a caspase-3 inhibitor, reduced the glu-
tamate toxicity (Fig. 2A). Furthermore, reactive oxygen sp-
ecies (ROS) formation was reduced by Ac-DEVD-CHO
treatment. It is likely that the formation of ROS is a down-
stream event in the excitotoxic cascade (Fig. 2D).3.2. Polyphenols attenuate glutamate-induced neuronal death
Each polyphenol (curcumin, tannic acid, and (+)-catechin)
exerted protective eﬀect against glutamate cytotoxicity (Figs.
3A, 4A, and 5A). Treatment with a lower concentration of
each polyphenol was also found to be eﬀective when adminis-
tered for an extended time (Figs. 3B, 4B, 5B).
Glutamate stimulation induced a signiﬁcant increase of
intracellular Ca2+ (Fig. 3C) and pre-treatment with curcumin
Fig. 2. Polyphenolic compounds exert protective eﬀects against glutamate cytotoxicity. Glutamate excitotoxicity is mediated via Ca2+ inﬂux,
caspase-3 activation, and ROS generation. (A) Cortical neurons were incubated with glutamate (Glu; 100 lM) for 24 h, which caused a signiﬁcant
increase of the LDH release. Glutamate toxicity was inhibited by EGTA and Ac-DEVD-CHO. P < 0.001 compared with control; ***P < 0.001
compared with glutamate alone. (B) Caspase-3-like activity increased following the administration of glutamate, and reached its peak after 6 h, then
decreased. *P < 0.05; **P < 0.01 compared with 0 h. (C) Glutamate-induced caspase-3-like activity was reduced by EGTA. P < 0.01 compared with
control; *P < 0.05 compared with glutamate alone. (D) ROS was generated by glutamate administration, which was reduced by Ac-DEVD-CHO.
Each of the polyphenolic compounds also inhibited glutamate-induced ROS generation. P < 0.001 compared with control; ***P < 0.001 compared
with glutamate alone. (E) Combination of the polyphenols exerted additive protective eﬀect. Lower concentration of curcumin (Cur; 3 lM, 24 h),
tannic acid (TA; 3 lM, 24 h), or (+)-catechin (CA; 10 lM, 24 h) had no signiﬁcant eﬀect on glutamate toxicity. Combination of these polyphenols,
however, protected neurons signiﬁcantly. P < 0.001 compared with control; ***P < 0.001 compared with glutamate alone.
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of the intracellular Ca2+ overload contributes, at least in part,
to the reduction of the glutamate-induced neuronal cell death.
Interestingly, pre-treatment with tannic acid (Fig. 4C), or pre-
and simultaneous administration of (+)-catechin (Fig. 5C) did
not attenuate glutamate-induced increase of intracellular Ca2+.
Simultaneous application of tannic acid and glutamate, how-
ever, caused a signiﬁcant decrease in glutamate-induced Ca2+
inﬂux (Fig. 4D).
From these data, we can conclude that curcumin appears to
target upstream of the glutamate excitotoxicity cascade while
tannic acid seems to have some eﬀect on Ca2+ itself and (+)-
catechin targets downstream of the cascade.
3.3. Curcumin inhibits PKC-mediated NR1 phosphorylation
NR1 phosphorylation was signiﬁcantly reduced by curcumin
treatment (Fig. 3D).
For the further conﬁrmation, we stimulated PKC with phor-
bol ester, and the eﬀect of curcumin on glutamate-induced
Ca2+ inﬂux was examined. Pre-treatment with phorbol
ester prominently enhanced glutamate-induced Ca2+ inﬂux(Fig. 3E). Pre-treatment with curcumin clearly and signiﬁ-
cantly inhibited the phorbol ester-enhanced glutamate-medi-
ated Ca2+ inﬂux (Fig. 3E), and subsequent phosphorylation
of NR1.
3.4. Each polyphenol inhibits glutamate-induced activation of
caspase-3 by distinct mechanisms – catechin inhibits
caspase-3 directly
Caspase-3-like activity was enhanced by glutamate (Fig. 2B),
which was reduced by EGTA (Fig. 2C).
Curcumin or tannic acid inhibited glutamate-induced activa-
tion of caspase-3-like activity (Figs. 3F and 4E). From the data
indicated above, the attenuation of the activation of caspase-3
by curcumin or tannic acid may be due to the reduction of the
glutamate-induced Ca2+ inﬂux. (+)-Catechin, which has no
inﬂuence on the glutamate-mediated Ca2+ inﬂux, also reduced
glutamate-induced activation of caspase-3 (Fig. 5D). In order
to explore the mechanism, a cell-free method for the caspase-
3 activity was employed using recombinant, pure caspase-3.
Recombinant caspase-3 enhanced the level of released
AMC. When (+)-catechin was mixed with the recombinant
Fig. 3. Protective eﬀect of curcumin (Cur; 10 lM, 24 h) on glutamate excitotoxicity via modulation of PKC. (A) Curcumin protected neurons against
glutamate-induced cell death. P < 0.001 compared with control; ***P < 0.001 compared with glutamate alone. (B) Low concentration of curcumin
(3 lM) also exerted a protective eﬀect when treated long-term. P < 0.001 compared with control; ***P < 0.001 compared with glutamate alone. (C)
Curcumin pre-treatment abolished glutamate-induced Ca2+ inﬂux. Curcumin was washed out during glutamate administration, since it inﬂuence the
ﬂuorescence. (D) Representative data of NR1 phosphorylation, which was signiﬁcantly reduced by curcumin pre-treatment. Phorbol ester-enhanced
phosphorylation was also reduced by 24 h pre-treatment. (E) Curcumin pre-treatment abolished phorbol ester-enhanced Ca2+ entry. Peak of
glutamate-induced Ca2+ entry was higher than that with glutamate only (compared with (C)), which was also prominently reduced. (F) Glutamate-
induced caspase-3 like activity was reduced by curcumin. P < 0.001 compared with control; ***P < 0.001 compared with glutamate alone. (G)
Schematic representation of the protective eﬀect of curcumin.
6626 K. Yazawa et al. / FEBS Letters 580 (2006) 6623–6628caspase-3, a signiﬁcant reduction in the activity of caspase-3
was observed (Fig. 5E).3.5. ROS formation was inhibited by all three polyphenols
Administration of glutamate induced intracellular ROS for-
mation, which was attenuated by Ac-DEVD-CHO (Fig. 2D).
The three polyphenols examined here all inhibited glutamate-
induced ROS generation in our system (Fig. 2D). This is
consistent with the data indicated above that these three poly-
phenols suppress upstream targets in the glutamate toxicity
cascade.3.6. Additive eﬀects of polyphenols against glutamate toxicity
A 24 hr incubation of low concentration polyphenol was
unable to protect neuronal cells from glutamate-induced death
(Fig. 2E). However, combination of these polyphenols at low
concentration signiﬁcantly reduced the neurotoxicity
(Fig. 2E) suggesting that each polyphenol seems to operate
by distinct mechanisms.4. Discussion
There are various steps in the glutamate-induced toxicity
cascade and each step is a potential target for protection. Cur-cumin protected neurons by modulating the NMDAR and the
subsequent reduction of the glutamate-induced Ca2+ inﬂux.
Tannic acid-induced protection might be mediated via chelat-
ing of the extracellular Ca2+, resulting in the reduction of Ca2+
inﬂux. The protective eﬀect exhibited by (+)-catechin is, at
least in part, caspase-3 mediated.
Curcumin has been shown to inhibit certain signal transduc-
tion pathways, such as AP-1, NF-kappaB, and PKC [8]. AP-1
and NF-kappaB activation are downstream events of the PKC
pathway. It was also suggested that PKC is an upstream target
for the regulation of NMDAR phosphorylation [9]. In the cu-
rrent study, curcumin inhibited the phosphorylation of NR1.
In addition, phorbol ester induced NR1 phosphorylation and
enhanced glutamate-induced Ca2+ inﬂux, which was also
reduced by curcumin. Therefore, the protective eﬀect of curcu-
min is mediated via modulation of the NMDAR through PKC
inhibition.
Tannic acid eﬀectively attenuated the Ca2+ inﬂux only when
simultaneously administered. Previous reports have indicated
that tannic acid is able to inhibit PKC activity [4]. Phorbol
ester-induced PKC activation has been shown to be inhibited
by tannic acid by speciﬁcally blocking the phosphorylation
of membrane-bound PKC. NR1 phosphorylation might, how-
ever, not depend on membrane-bound PKC. Direct inhibition
of PKC or subsequent NMDAR modiﬁcation could not be
ruled out.
Fig. 4. Protective eﬀect of tannic acid (TA; 10 lM, 24 h) on glutamate excitotoxicity. (A) Tannic acid protected neurons against glutamate induced
cell death. P < 0.001 compared with control; ***P < 0.001 compared with glutamate alone. (B) Low concentration of tannic acid (1 lM) also
exerted a protective eﬀect when treated long-term. P < 0.001 compared with control; **P < 0.01 and ***P < 0.001 compared with glutamate alone.
(C) Tannic acid pre-treatment could not abolish glutamate-induced Ca2+ inﬂux when tannic acid was washed out prior to glutamate administration.
(D) Simultaneous administration of tannic acid reduced glutamate-induced Ca2+ inﬂux. (E) Glutamate-induced caspase-3-like activity was reduced
by tannic acid. P < 0.01 compared with control; *P < 0.05 compared with glutamate alone. (F) Schematic representation of the protective eﬀect of
tannic acid.
Fig. 5. Protective eﬀect of (+)-catechin (CA; 30 lM, 24 h) on glutamate excitotoxicity. (A) (+)-Catechin protected neurons against glutamate induced
cell death. P < 0.001 compared with control; ***P < 0.001 compared with glutamate alone. (B) Low concentration of (+)-catechin (10 lM) also
exerted its protective eﬀect when treated long-term. P < 0.001 compared with control; *P < 0.05 and ***P < 0.001 compared with glutamate alone.
(C) (+)-Catechin pre- and simultaneous treatment could not abolish glutamate-induced Ca2+ inﬂux. (D) Glutamate-induced caspase-3-like activity
was reduced by (+)-catechin. P < 0.01 compared with control; *P < 0.05 compared with glutamate alone. (E) Cell-free caspase-3-like activity was
also reduced by (+)-catechin. ***P < 0.001 compared with control. (F) Schematic representation of the protective eﬀect of (+)-catechin.
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Ca2+, thereby decreasing the available Ca2+ for inﬂux. Iron-
binding galloyl groups [10], which tannic acid possesses more
of than other polyphenols, might bind Ca2+. Further examina-
tion of the mechanism of tannic acid is necessary.
In platelets, (+)-catechin treatment results in inhibition of
PKC activation [5]. In the report, catechin only slightly inhibits
the phosphorylation of PKC. It appears that the inhibitory
eﬀect of catechin against PKC is not suﬃcient to reduce
NR1 phosphorylation.
(+)-Catechin reduced glutamate-induced activation of cas-
pase-3 and recombinant caspase-3. It is likely that (+)-catechin
reduced caspase-3 activation directly.
When these polyphenols are taken orally, however, it is dif-
ﬁcult to reach the concentrations used in our experiments. In
one human study, it was reported that the serum concentration
of curcumin was 1.77 ± 1.87 lM [11]. In a rat study, daily
ingestion of catechin results in 34.8 ± 6.0 lM aglycone form
in plasma [12]. Not all polyphenols reach brain, but curcumin
and (+)-catechin are reported to pass the blood brain barrier
(BBB) [13,14]. The precise permeability of tannic acid is still
unknown. It seems diﬃcult to permeate a healthy brain,
although disrupted BBB, as in pathologic states, would allow
polyphenols to permeate. From our data, a lower concentra-
tion of polyphenols would be eﬀective if administered for a
long time.
In conclusion, polyphenolic compounds inhibit glutamate-
induced toxicity. Each polyphenolic compound, however,
exerts its protection by distinctive mechanisms. Combination
of these eﬀects might enhance the protective eﬀect and could
counter ischemic diseases or neurodegeneration.References
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